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Perovskite manganites are complex systems in which the structural, electronic, and 
magnetic properties are strongly coupled—in many cases, non-linearly.  A small change in 
one property (e.g., structure) can produce a large change in other properties (e.g., the 
electronic state).  Conceptually, creating a surface by cleaving a single crystal or growing a 
thin film provides a controlled way to disturb the coupled system by breaking the symmetry 
without changing the stoichiometry, which may lead to completely new physical properties.  
The emerging surface electronic phases can be further enriched by surface reconstructions 
which often occur due to bond breaking at the surface and also by extrinsic carrier doping 
from adsorbates as well.  While the cleaving method is limited to a small amount of 
cleavable layered materials, the thin-film growth method, such as laser molecular beam 
epitaxy (Laser MBE), becomes the most desired technique for the study of surfaces in general.  
As an example, La1-xCaxMnO3, which is one of the most investigated cubic perovskite 
manganite systems, has a surface that cannot be created by cleaving the bulk but can be 
prepared by laser MBE.  In this dissertation, La1-xCaxMnO3 (001) (x = 3/8) thin films grown 
by laser MBE were studied with a combination of in-situ techniques such as low-energy 
electron diffraction (LEED) and high-resolution scanning probe microscopy (SPM).  Two 
different electronic conductivities were observed using scanning tunneling spectroscopy 
(STS) on the thin-film surface.  The “atomic” resolution scanning tunneling microscopy 
(STM) images revealed that the two different conductivities come from two reconstructed 
surfaces, (1 × 1) and (√2 × √2)R45º, respectively.  The (1 × 1) and (√2 × √2)R45º 
reconstructions were found to be reversible by oxygen adsorption/desorption, and as a result, 
the conductivity of the surface can be tuned from metallic to insulating by controlling the 
oxygen adsorption.  Further investigations revealed the existence of a surface structure 
transition driven by the film thickness.  The (1 × 1) surface without oxygen adsorption 
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actually has specific superstructures; it changes from c(2 × 4) to (3√2 × 4√2)R45º with a 
critical thickness of 14 ML associated with an extensive strain induced by the substrate.  The 
discoveries of the unexpected surface structural and electronic transitions revealed in this 
dissertation open up a new direction for exploring the functionality relationship at the 
surfaces of complex transition-metal compound thin films. 
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Transition-metal oxides (TMO) are well known as strongly correlated systems in which 
lattice, charge, and spin are intimately coupled .  Such a correlation yields very unique 
properties such as colossal magnetoresistance (CMR), high-T  superconductivity, 
multiferroics etc.  
[1]
c
A small change in one property (e.g., structure) can produce a large 
change in other properties (e.g., the electronic state).  A common procedure in these strongly 
coupled systems is to change the chemical composition resulting in a change in the lattice 
parameter or structure.  This is effectively doping the material to see how a change in carrier 
concentration modifies the physical properties.  However, there is another unique way to 
disturb the correlated systems; that is, “making a surface.”  Creating a surface by cleaving 
bulk or growing thin films is a controlled way to disturb the system by breaking the symmetry 
without changing stoichiometry.  For instance, a recent work reported that the surface of 
La2-2xSr1+2xMn2O7 is a nonmagnetic insulator despite the fact that the bulk compound is a 
ferromagnetic metal [2].  This naturally assembled surface insulator atop a ferromagnetic 
metal provides an ideal system for magnetic tunnel junction applications.  A cleaved 
Ca2-xSrxRuO4 surface also exhibits quite different properties compared with the bulk, such as 
a purely electronic Mott metal-insulator transition at the surface for x = 0.1 [3] and significant 
modification of the quantum critical point near xc ≈ 0.5 [4].  These examples clearly show 
evidence that the broken symmetry at the surface strongly influences the electronic and 
magnetic properties; that is, small structural distortions in the surface drives changes in 
electronic configuration resulting in emerging new electronic and magnetic properties 
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specific to the surface.  However, these results were obtained from a cleaved surface.  The 
cleaving technique provides a clean and atomically flat surface easily, but it is limited to 
layered materials that can be cleaved, i.e., quasi-two-dimensional materials.  Many of the 
CMR manganites, which are our target material, have cubic perovskite structure and thus, 
cannot be cleaved.  Therefore, instead of cleaving bulk, growing epitaxial thin films is the 
only way to investigate a correlation between the broken symmetry and the material 
properties in the surface of non-layered materials. 
Figure 1.1 shows I/V curves and STM images, which are two of the most important 
findings in this dissertation, obtained from in-situ grown La5/8Ca3/8MnO3 (LCMO) thin films 
grown on SrTiO3 (STO).  We found that two types of structure exist on LCMO (001) 
surfaces; such as the (1 × 1) structure * in a MnO  terminated as-grown LCMO surface and the 
(√2 × √2)R45º structure produced by oxygen annealing of the (1 × 1) surface.  The unit 
vector of the surface structure is based on that of the STO (001) surface; i.e., there is a 
sensitive structure functional relationship.  Surprisingly, the surface electronic property 
strongly depends on the surface structure.  As clearly shown in the I/V curves in , 
truly insulating behavior was observed in the (√2 × √2)R45º surface while the (1 × 1) surface 
behaves metallic.  This result clearly shows that the oxygen adsorption on the 
MnO -terminated surface by oxygen annealing significantly modifies the surface electronic 
property.  This result reminds us of some similarity to recent works reported on in-situ 
potassium doping onto a cleaved high-T  superconductor .  It has been clearly 
demonstrated that by controlling the amount of potassium deposition, i.e., amount of electron 
doping, the surface electronic states of a cleaved high-Tc conductor can be tuned from an 
over-doped to an under-doped regime.  Deposition of potassium has also been successful in 
demonstrating the surface electronic state of graphene .  Oxygen adsorption on the 






                                                     
 
 
* This surface is not true (1 × 1) but reconstructed surface as it will be discussed later. 






Figure 1.1.  STM images and IV curves obtained from (1 × 1) and (√2 × √2)R45º surfaces. 
Atomically resolved STM image obtained from (a) (1 × 1), and (b) (√2 × √2)R45º surfaces.  
(c) I/V and dI/dV curves obtained from both type of surfaces.  
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example of potassium deposition.  As a consequence, the surface of LCMO thin films seems 
to become complicated beyond our expectations.  In this dissertation, epitaxially grown 
LCMO thin-film surfaces have been intensively studied, especially based on the atomically 
resolved observation and complexity of the LCMO thin-film surface, as will be discussed.  
 
 
1.1 Overview of Colossal Magnetoresistive Manganites 
 
The magnetoresistive perovskite manganites have attracted significant interest because of 
their intriguing and rich magnetic and electronic properties, with CMR being one of the most 
dramatic illustrations.  Now the CMR phenomenon has been observed in thin films of 
manganites [7].  This has triggered speculation that transition-metal oxide films can be used in 
magnetic recording, replacing the giant magnetoresistant (GMR) ferromagnetic metal 
multilayers now used in read heads.  The CMR effect is widely observed in doped manganites 
such as Re1-xAexMnO3, where Re is a trivalent rare-earth element such as La, Pr, Nd, etc., and 
the doping element Ae is a divalent alkaline-earth metal such as Ca, Sr, etc.  In the manganites, 
not only adjusting the amount of the doping but also tuning the ionic radius by changing Re 
and/or Ae elements enables exploration of a huge variety of electric and magnetic properties.  
As a good example for reviewing the coexistence of various complex phases associated with 
the doping amount, a phase diagram of La1-xCaxMnO3 (LCMO) is shown in Figure 1.2 (a) 
[8][9].  The ground state of undoped LaMnO3 (x = 0) is an antiferromagnetic (AFM) Mott 
insulator, in which strong electric repulsion between conduction electrons (eg electron) makes 
these electrons localized at the Mn3+ ion site, and as a result, insulating behavior dominates its 
property in spite of a partially filled d-electron conduction band.  
Roughly speaking, the three dominant phases in the phase diagram can be seen in 
Figure 1.2(a).  Below the critical Curie temperature (Tc), the border between the O* and FM 
phase in the doping range 0.2 < x < 0.5 system shows FM and metallic (FMM) behavior.  The 
tendency of the metallic ferromagnetism can be explained by the double exchange scheme, in 
             4
 
Figure 1.2.   Phase diagram of (a) temperature vs hole doping for La1-xCaxMnO3, where FM, 
ferromagnetic metal; CO, charge-ordered insulator; O*, paramagnetic insulating phase with no 
long-range Jahn-Teller (JT) order but with octahedron rotated; O, PMI with JT distorted; R, 
Rhombohedral, and (b) temperature vs tolerance factor for the system A0.7A’0.3MnO3, where A is a 
trivalent rare-earth ion and A’ is a divalent alkali-earth ion.  Open and closed symbols denote Tc 
measured from the magnetization and resistivity, respectively.  Reprinted with permission from 
[9] for (a) and from [18]
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which the conduction eg electron of the Mn3+ site hops into an unoccupied eg level of Mn4+ with 
simultaneously aligning of the spin directions of t2g electrons parallel due to strong Hund’s 
coupling between eg and localized t2g electrons.  On the contrary, in the higher doping region 
(0.5 < x < 0.8), the system becomes charge and orbital ordered and antiferromagnetic insulator 
(CO/OO/AFI) below the charge ordering temperature (Tco).  In this phase, Mn3+ and Mn4+ are 
arranged in a certain periodic ordering just like a superlattice made of eg electrons.  
Antiferromagnetic spin arrangements of eg and t2g electrons prevent eg electrons from moving 
around because of the strong correlation by the Hund’s rule.  The origin of this phase still 
needs study, but the strong coulomb interaction, Hund coupling, electron-phonon coupling 
induced by lattice distortion coupled to the eg electrons (Jahn-Teller distortion of the MnO6 
octahedron), and antiferromagnetic coupling induced by super-exchange interaction working 
between neighboring localized t2g electrons should play an important role.  Above the critical 
temperatures (Tc and Tco) in the wide range of doping, paramagnetic and insulating (PMI) 
behavior is observed, where insulating behavior means dρ/dT < 0.  Historically, this 
paramagnetic phase and also the FMM phase below Tc had been considered by double exchange 
mechanism; however, a rising CMR effect near Tc, such as a sharp fluctuation of resistivity, 
cannot be understood by the double exchange scheme.  Although the physical origin of the 
insulating behavior above Tc is not completely understood, theoretical [10][11][12] and 
experimental [13][14][15] evidence have shown that dynamic and static Jahn-Teller 
distortions at and above Tc play a major role in causing localization of charge carriers and 
thus stabilize the insulating phase.  In addition, recent theoretical and experimental progress 
indicate that electrical inhomogeneity, i.e., phase separation in nanoscale, is the bottom line in 
understanding CMR phenomena [16][17].  
On the other hand, tuning the ionic radius of A-site elements in the ABO3 perovskite 
structure, i.e., the tolerance factor, is also an effective method to tune material properties of 
manganites [18][19].  Figure 1.2(b) clearly demonstrates the strong dependence of 
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magnetic/electronic properties on the tolerance factor in fixed doping conditions of doped 
manganites.  
As presented here, perovskite manganites are highly sensitive not only to the amount of 
doping but also to the ionic radius of the A-site elements, meaning that manganites are 
sensitive to structural distortion; thereby, a considerable variety of electronic/magnetic 
properties can be made available.  
 
 
1.2 Electronic States and Orbitals in Manganites 
 
The d electron orbital in a free transition-metal atom has fivefold degeneracy, and it can 
receive 10 electrons with considering spin degrees of freedom.  However, when the 
transition-metal atom is put into a crystal of TMO, for example, at the center site of MO6 
octahedra (M is a transition-metal element) as in the cubic perovskite structure, the 
degeneracy of the d electron orbital is lifted by the anisotropic crystal field produced by the 
surrounded ligand atoms such as oxygen.  Because the ligand atoms have a strong tendency 
to be a negative valence, the crystal field of the electrons in the direction of ligand atoms is 
higher than in the other direction in between the ligand atoms.  Now, we consider the MnO6 
octahedron of manganites as shown in Figure 1.3(a), and we assume that the octahedron is 
composed of Mnα+ and O2- ions.  Although there is some amount of hybridization between 
the d electron orbital in Mn and the p electron orbital in O, such a simple ionic crystal model 
is valid for estimating the amount of charge in each element, as in many of the TMOs.  The 
d electron orbital of the Mn ion in the center of the octahedron is lifted into the t2g orbital with 
threefold degeneracy and the eg orbital with twofold degeneracy, because of the so-called 
crystal field splitting.  Because the t2g orbital is pointed between the O2- ions and the eg 
orbital is directed toward the O2- ions, coulomb repulsion between the electron clouds of the 
eg orbital and p orbital of O makes the energy level of the eg electron higher than that of t2g, as 
shown in Figure 1.3(b) [20].  The shape of the t2g and eg orbitals are also shown in 






Figure 1.3.  Mn d orbitals in cubic crystal field.  (a) MnO6 octahedron, (b) five d orbitals, 
(c) crystal-field and Jahn-Teller splittings of d electron  (b) is reprinted with permission from 
[20]. 
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Figure 1.3(c).  The split d electron orbital has further degeneracy when the octahedron is 
distorted.  For example, when the octahedron is elongated along the z direction, the 
degeneracy of the t2g and eg electron orbitals is lifted.  The increased distance between the 
Mn and O ions in the z direction lowers the energy level of the eg(3z2-r2) orbital compared with 
the eg(x2-y2) orbital [Figure 1.3(c)].  Such distortion is sometimes preferred and stabilized due 
to the lowered orbital when one electron exists in the eg state such as Mn3+ (Jahn-Teller 
distortion).  
Now, let us discuss the transport property of manganites.  In LaMnO3, all Mn atoms 
have four d electrons (3d4), one for the eg states and three for the t2g states.  Because of 
strong Hunt coupling, all the spins of eg and t2g electrons of each Mn atom are 
ferromagnetically aligned.  The eg electron faces toward the O atoms and hybridize with the 
O 2p electron, while the t2g electrons face in between the O atoms; thus, only the eg electron 
acts as a charged carrier.  LaMnO3 shows insulating behavior due to strong on-site coulomb 
repulsion at the eg state; however, substituting La3+ with a divalent cation such as Ca2+ 
provides conductivity (hole doping).  In such hole-doped manganites, the eg electron can 
move around by exchanging its position with the doped hole.  However, the Hunt coupling 
only allows an electron with parallel spin configuration to hop into the doped hole; thus, it 
drives to align all the spins over the material, with the result being ferromagnetic.  Therefore, 
the ferromagnetic metallic feature of manganites is strongly associated with the eg electron 
[21].  
             9
 
 
Chapter 2  
 





2.1 Laser Molecular Beam Epitaxy 
 
Numerous problems are often encountered in growing TMO thin films, such as control 
of the elemental cationic composition, the requirement of a high-pressure oxygen ambient, etc.  
Among the conventional thin-film growth techniques, laser molecular beam epitaxy (Laser 
MBE), or pulsed-laser deposition, has been most successful in overcoming problems in TMO 
thin-film growth [22].  Especially, the success of high-Tc superconducting thin-film growth 
by laser MBE has motivated the intensive development of this technique since 1987.  Laser 
MBE is a simple deposition process that utilizes pulsed-laser radiation to vaporize the 
material by photon absorption at the surface of a target and to deposit the vapor onto the 
substrate surface.  Laser MBE is assumed to involve several successive processes as shown 
below [22]: 
(i) Coupling of the optical energy to the target material 
(ii) Melting of the surface with a rapid propagation of the liquid-solid interface toward 
the target 
(iii) Vaporization in the shape of the plume of the thin upper layer of the molten surface 
as the laser irradiation continues 
(iv) Photon absorption of the vaporized species, which eventually limits the laser 
fluence at the target surface and forms a plasma in the plume 
(v) Propagation of the plume in a direction normal to the target  
(vi) Return to the initial state at the end of the plume, however, with resolidified 
surface topography 
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Once the pulsed-laser radiation is absorbed into the surface of the target material, 
electromagnetic energy is immediately converted into electronic excitations in the form of 
plasmons and unbound electrons; then, its energy is transferred into the lattice within a 
picosecond [23].  Such an abrupt absorbance of the high energy of laser radiation leads to 
evaporation of material elements from the target surface. 
Evaporated atomic and molecular species ejected from the target surface produce a 
cone-shaped plume.  The composition and mode of the propagation of the evaporated 
species in the plume have been analyzed by several techniques [22], including optical 
spectroscopy, mass spectroscopy, and time of flight measurements which give dynamical 
information on the species in the plume.  Now, it is generally agreed that the ejected species 
from the target are mostly consisted of atoms and molecules with an identical composition to 
that of the target material.  The ratio of neutral and ionized species existing in the plume 
strongly depends on the laser and ambient conditions.  The initial expansion energy of the 
neutral species is about a few to a few tens of eV and that of the ionized species is 
significantly larger [22].  However, the microscopic mechanism of producing plume and 
energy translation to the energetic species is not well understood yet.  During the plume 
expansion, the laser phonon excites the evaporated species, and the laser energy is used to 
sustain the plasma plume rather than creating vapor from the target surface.  The excited 
species also excites ambient molecules, and these excited precursors play a very important 
role in forming high-quality thin films.  
For growing TMO thin films, oxygen gas is usually introduced in the growth chamber 
to supplement volatile oxygen into the films.  Because the mean-free pass for collisions is 
smaller than the distance between the target and a sample, the kinetic energy of the ejected 
species is reduced by collision with the ambient oxygen gas.  Therefore, not only the growth 
pressure but also the target–sample distance significantly affect film growth, and controlling 
these parameters results in the possibility to tune the kinetic energy of the species.  However, 
as compared with thermally evaporated atoms in traditional MBE growth, the kinetic energy 
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of the incoming atoms and molecules toward the sample surface created by pulsed-laser 
radiation is considerably larger, and such a high energy also helps to grow atomically flat thin 
films. Figure 2.1 shows typical parameters of the laser MBE technique for thin-film growth.  
All the parameters are intricately correlated and affect the film growth and its morphology.  
However, the mechanism of laser MBE has not been well understood yet, and one must adjust 
these parameters to achieve high-quality thin-film growth. 
 
 
2.2 Substrate Preparation and Experimental Procedures 
 
Because there are two possible terminal layers in the (001) surface of the cubic 
perovskite material, determining and controlling the surface terminal layer are considerably 
important in a study of manganite surfaces.  A chemically etched STO by buffered HF is 
assumed to be terminated by a TiO2 plane after in-situ oxidation annealing in an oxygen 
atmosphere [24][25].  On such a substrate, the MnO2 plane is supposed to terminate an 
epitaxially grown LCMO thin film if the film is grown in a unit cell by unit cell manner.  In 
fact, Izumi et al. experimentally determined the surface terminal layer of La0.6Sr0.4MnO3 
(LSMO) thin films by coaxial impact collision ion scattering spectroscopy (CAICISS) and 
atomic force microscopy (AFM) [26].  In-situ monitored RHEED oscillations indicate that 
their LSMO film was grown in a layer by layer manner, and CAICISS results indicate a MnO2 
plane as a surface termination of the film.  Triggered by these results, a STO single crystal 
has been extensively used as a substrate for manganite thin films and other TMOs as well.  
We obtained the (001)-oriented surface of La5/8Ca3/8MnO3 by growing epitaxial thin 
films on Nb-doped SrTiO3 single-crystal substrates using laser MBE.  Prior to growth, the 
substrates were chemically etched by buffered HF followed by an in-situ annealing at 820ºC 
for 30 min to ensure a TiO2-terminated surface.  The growth was carried out in an ultrahigh 
vacuum system with a base pressure of 3 × 10-10 Torr.  During growth, the substrate was kept 
at about 820ºC in a flowing oxygen (8% ozone) environment under a pressure of 7 × 10-4 Torr.  








Figure 2.1.   Typical parameters of the laser MBE thin-film growth technique.  Reprinted with 
permission from [22]. 
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Differentially pumped reflection high-energy electron diffraction (RHEED) was used to 
monitor the growth quality.  After growth, samples were annealed in-situ at 820ºC for a set 
amount of time and then allowed to cool under the same oxygen pressure as during growth.  
After evacuating the oxygen from the growth chamber, the samples were transferred in-situ to 
a scanning tunneling microscope chamber with a base pressure of 1×10-10 Torr.  All the STM 
images were acquired at a pressure of 1 × 10-10 Torr using mechanically cut Pt-Ir tips.  A 
bias voltage was applied to the tip, and the sample was grounded.  This configuration 
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Chapter 3  
 





There have been numerous efforts to obtain high-quality epitaxial thin films of 
complex oxides, such as CMR manganites and other TMOs.  Among a variety of thin-film 
deposition techniques, laser molecular beam epitaxy (laser MBE), or pulsed laser deposition 
(PLD), has become one of the most popular techniques for studies of complex oxide thin 
films.  Combined with in-situ RHEED intensity monitoring, the laser MBE technique 
enables one to grow single atomic layers one by one.  Such precisely controlled film growth 
realizes a perfectly epitaxial thin film and also provides a new opportunity to study highly 
artificial systems such as multilayered thin films, strain controlled systems, etc.  However, if 
one aims to study a “surface” of the thin films, especially to observe surface atoms in real 
space, enormous difficulties may be encountered in achieving one’s goal even with such 
sophisticated layer-by-layer growth techniques.  Only a slight contamination will disturb 
considerably the surface properties.  Also, defects in the surface can control functionality.  
Thus, we need large defect-fee terraces.  In order to pursue a very high quality surface, a 
considerable amount of time has been spent in finding an appropriate growth condition as 
well as post sample preparation conditions.  In this section, two crucial conditions of sample 
preparation for atomic-resolved STM study are discussed in detail.  
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3.1 Effect of Growth Temperature on Surface Morphology 
 
There are a number of parameters which strongly affect film morphology in laser 
MBE, such as growth temperature, pressure, laser power density, pulse repetition rate, 
distance from a target, etc [22].  These parameters are intricately interrelated, and 
determination of an appropriate condition for epitaxial growth is not easy.  Among these 
parameters, one of the most important parameters on morphology of a grown film is substrate 
temperature.  In order to find an appropriate growth temperature to obtain a decent surface 
for STM study, a relatively large temperature gradient was produced in a single STO substrate.  
With such a temperature-graded substrate, other growth parameters than temperature should 
be exactly the same, and pure temperature effects on surface morphology can be investigated. 
LCMO thin films were grown on a STO (001) substrate with flowing oxygen at 
7 × 10-4 Torr.  After film growth, the sample temperature was maintained for 10 min, and 
then the sample was carefully cooled to room temperature, while the oxygen pressure was 
maintained until the sample temperature reached 250ºC to avoid oxygen deficiency in the film.  
Figure 3.1 shows typical STM images of LCMO thin films grown on the temperature-graded 
STO substrate.  These images were obtained from different positions of the substrate, 
meaning that these images show various surface morphologies induced by the different 
growth temperatures.  The surface morphology of the LCMO film grown at relatively lower 
temperatures, such as around 780ºC, shows a narrow terrace width with winding steps, as 
shown in Figure 3.1(a).  A number of dispersed clusters whose heights are about 2 Å were 
also observed all over the surface [Figure 3.1 (b)].  This image strongly implies that surface 
migration of the atoms was reduced due to the low growth temperature, and step flow growth 
was not achieved.  In the region above 800ºC, the surface terrace becomes wider and the 
step shape becomes straighter, as shown in Figure 3.1(c); indicating that a higher growth 
temperature enables sufficient surface migration of the atoms to achieve preferable step flow 
growth.  On such a smooth terrace, atomic lattice corrugations are clearly recognized, as can 
be seen in Figure 3.1(d).  The unit cell of the lattice corrugation shows a square shape with 
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Figure 3.1.  STM images of a LCMO film grown on a temperature-gradient STO substrate.  
The growth temperature was 790ºC in (a) and (b), 830ºC in (c) and (d), and 880ºC in (e) and (f).  
The film thickness was 180 ML.  Image areas are 200 × 200 nm for (a), (c), and (e), and 
30 × 30 nm for (b), (d), and (f).  Tip bias and set tunneling current were (a) -2.2 V/25 pA, 
(b) -1.75 V/35 pA, (c) -1.75 V/35 pA, (d) -1.75 V/50 pA, (e) -2.5 V/25 pA, and (f) -2.5 V/25 pA.  
The color scales are uniform in each size. 
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5.5-Å length along the [110] directions.  Therefore, the lattice observed in Figure 3.1(d) is 
the (√2 × √2)R45º superstructure as compared with the unit cell of the STO (001) surface.  
In this dissertation, the (1 × 1) unit cell is referred from the substrate of the STO (001) surface 
to describe the observed superstructure in the LCMO film surface.  In contrast, as shown in 
Figure 3.1(e) and Figure 3.1(f), the surface obtained above 860ºC unexpectedly shows dense 
cluster growth on the terrace.  This is surprising because the higher temperature is usually 
supposed to help surface migration to achieve step flow growth during film growth resulting 
in a very flat surface.  Such rough surfaces may be associated with possibly extensive 
oxygen deficiency in the surface due to the high growth temperature.  In addition, Choi et al. 
observed significant surface segregation of Ca induced by high growth temperatures in their 
ex-situ angle-resolved photoemission study of LCMO films [27].  It may also possibly be 
worth considering a link between the observed rough terrace obtained at a high growth 
temperature and the surface segregation observed by Choi et al.  However, because an 
atomic-resolved STM study is of high-priority in this thesis research, no further studies on the 
issue of high-temperature growth have been conducted.  
With the results obtained from the temperature-graded sample, as well as the other 
experiments using uniformly heated substrate, an appropriate range of growth temperatures 
that created a very smooth surface with atomic corrugation was finally determined.  
Temperatures below 800ºC and above 860ºC should be avoided in terms of the rough surface 
morphology.  For our purpose of a STM study with atomic resolution, growth temperature 
should be selected in the range between 800ºC and 860ºC.  All the samples discussed 
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3.2 Effect of Oxidation Pressure on Surface Morphology 
 
Ex-situ post oxidization of manganite films with air or oxygen at atmospheric pressure 
is a popular process to improve film properties by filling the oxygen deficiency in the film 
and the bulk.  In a controlled study of the surface on an atomic scale, ex-situ annealing (in 
other words, exposing a sample to the air) should be avoided.  Instead, in-situ oxidization 
annealing can be utilized as a possible way to improve the as-grown surface of our LCMO 
thin film.  For example, although the surface shown in Figure 3.1(d) provides a clear atomic 
lattice image, a number of defects exist in the surface.  Because defects are supposed to 
cause a non-negligible modification in the electronic states in the surface, defect-free growth 
or a defect recovering process is strongly desired.  Through a number of experiments to find 
the appropriate growth conditions, as well as post surface preparation procedures for a STM 
study, it was found that oxygen pressure during in-situ post oxidation annealing strongly 
influences the surface morphology of the LCMO film. 
Prior to the post-annealing experiment, LCMO films were grown at 820ºC.  The 
surface looked similar to the image shown in Figure 3.1(d) where not only the atomic lattice 
image of (√2 × √2)R45º but also many defects were observed.  After checking a surface of 
the as-grown LCMO thin film by STM, the sample was annealed at 600ºC with oxygen at 
various pressures.  In each annealing procedure, the sample temperature was increased 
gradually and kept at 600ºC for 30 min and then gradually cooled to room temperature.  
Oxygen flow was started before heating the sample and was stopped when the sample 
temperature was lower than 250ºC to avoid possible production of oxygen deficiency.  
Figure 3.2 shows STM images of the post-annealed surfaces at various oxygen pressures.  
When the sample is annealed with oxygen at about two orders lower than the growth pressure, 
such as 1 × 10-5 Torr, the surface shows a number of bright dots beaded in a line along the 
[110] directions in the STM image shown in Figure 3.2(b).  The height of these dots and 
lines is about 1.4 Å.  The line defects along the [110] directions appearing as a black line are 
also observed in the image.  The width of the line defect is too small to measure its exact 
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Figure 3.2.  STM images of LCMO films annealed at various oxygen pressures.  Pressure was 
1 × 10  Torr in (a) and (b), 7-5  × 10  Torr in (c) and (d), and 1 ×10  Torr in (e) and (f).  
Oxidization annealing was conducted at around 600ºC for 30 min.  All the film thicknesses were 
180 ML.  The image areas are 500
-4 -2
 × 500 nm for (a), (c), and (e), and 33 × 33 nm for (b), (d), 
and (f).  Tip bias and set tunneling current were (a) -2.7 V/15pA, (b) -2.7 V/35 pA, 
(c) -1.75 V/25 pA, (d) 1.75 V/20 pA, (e) -2.7 V/35 pA, and (f) -2.7 V/35 pA. 
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depth; however, it seems to correspond to a single unit cell height.  Actually, similar line 
defects were present in the surface before the post oxidation.  Although it is not clear what 
the origin of such a line defect is, not only the annealing conditions such as temperature and 
oxygen pressure but also the sample cooling speed seem to affect production of such an 
asymmetric defect.  Post annealing at the same oxygen pressure with the growth condition, 
such as 7 × 10-4 Torr, provides a very smooth surface, as shown in Figure 3.2(c).  On such a 
smooth surface, a very beautiful (√2 × √2)R45º lattice image was successfully obtained 
[Figure 3.2(d)].  The curved black lines observed on the terrace [Figure 3.2(c)], which 
discontinue at a step edge, are actually a boundary between out of phase (√2 × √2)R45º 
domains.  This clear evidence shows that the defective surface of the as-grown sample [as 
shown in Figure 3.1(d)] can be recovered by post annealing at 7 × 10-4 Torr, and the nearly 
perfect (√2 × √2)R45º surface can be completed.   
In contrast to the results above, post annealing at high oxygen pressure causes 
considerable changes in the surface morphology.  As shown in Figure 3.2(e), the terrace is 
no longer flat but is torn into pieces, and a shape of the original terrace is barely recognizable.  
In the magnified image shown in Figure 3.2(f), very small clusters (~1 nm in diameter and 
~1.5 Å in height) exist all over the surface.  The height of the pieces is about 4 Å, which is 
in good agreement with a single unit cell height.  The surface becomes very insulating (band 
gap is about 3.2 eV estimated by the IV curve), and a high resolution image is hardly obtained.  
It is surprising that the surface morphology is considerably changed even though at such a 
moderate annealing temperature as 600ºC.  Annealing a sample in UHV at the same 
temperature (600ºC) does not cause such morphological changes.  This strongly indicates 
that a certain amount of oxygen induces considerable atomic migration in the surface, and as 
a consequence, a very rough surface as shown in Figure 3.2(e) and Figure 3.2(f) is formed.  
It is not shown here, but the appropriate temperature for post annealing was also investigated 
in detail.  A series of post-annealing experiments showed that the best annealing temperature 
was 550°C. 
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3.3 Surface Terminal Layer of La Ca MnO  Thin Films⅝ ⅜ 3  
 
Determining a surface termination is of crucial importance in this dissertation.  The 
(001) surface of LCMO has two possible terminations, the (La, Ca)O layer and the MnO2 
layer.  In the CMR manganites, Mn atoms play a very important role in determining the 
behavior of the material, such as transport and magnetic properties.  As introduced in 
Section 2.2, it is widely recognized that an epitaxially grown cubic manganite thin film has a 
MnO2 termination, if the substrate has been appropriately prepared.  However, it is 
important to double check a surface termination of the films grown in our facility.  STM 
cannot directly distinguish each element in the surface, and Auger electron spectroscopy 
(AES), which is a commonly used technique for analyzing surface chemicals, does not have 
enough sensitivity to determine the topmost monoatomic layer.  Angular-dependent x-ray 
photoelectron spectroscopy (XPS) is one of the potential candidates for determining the 
surface termination.  However, because we have no capability to do it, we need to check the 
surface termination by another way. 
In this regard, LCMO films were grown with thicknesses of sub to a few monolayers 
(ML) to check the surface termination by measuring step heights using in-situ STM.  
Figure 3.3 shows STM images obtained before and after 0.6-ML deposition of LCMO grown 
on a STO (001) substrate.  Before the deposition, steps in the STO surface are aligned nearly 
parallel with a terrace width of about 100 nm.  After 0.6 ML of LCMO deposition, 
two-dimensional islands are observed on the terrace.  Because the unit cell heights of STO 
and LCMO are nearly the same (3.9 and 3.84 Å, † respectively), it is difficult to distinguish 
the areas of STO and LCMO surfaces from the STM image.  However, with a consideration 
of the amount of deposition (0.6 ML), it can be assumed that the original steps of the STO 
                                                     
 
 
† Actual lattice parameters of a bulk LCMO are a = 5.45 Å, b = 7.70 Å, and c = 5.47 Å at room 
temperature, meaning ‘single’ unit cell height in the (001) surface should correspond to b.  However, 
for simplicity in this dissertation, we assume the unit cell of LCMO film as simple cubic, such as a half 
of b for the unit cell height of our film. 
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Figure 3.3.  STM images of STO substrate and 0.6 ML grown LCMO film.  (a) in-situ annealed 
SrTiO  substrate, (b) 0.6 ML grown LCMO thin film, and (c) height profile of steps on the 
surface of 0.6 ML grown LCMO film measured at dotted line shown in (b).  Image area of (a) 
and (b) is 500
3
 × 330 nm.  Tip bias and set tunneling current were -4.0V/30 pA.  
 
             23
substrate are terminated by the LCMO thin film, and the islands mainly grow on the STO 
terrace.  In addition, the two-dimensional islands, which have not been in the surface before 
the deposition, are supposed to consist of LCMO.  The heights of the LCMO islands and 
steps (terminating original STO step) are about 4 Å which is in good agreement with a single 
unit cell height of LCMO.  Because the STO substrate is terminated by the TiO  layer, the 
grown film (or island) with single unit cell height is supposed to have a MnO  termination.  
A number of step heights of several samples grown with different thicknesses were also 
measured.  In addition, a cycle of RHEED oscillations stayed nearly constant during 
deposition.  With these results, we finally conclude that the surface termination of our 
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Chapter 4  
 
Atomically Resolved Scanning Tunneling Microscopy 





As discussed in the previous section, appropriate growth conditions as well as post 
oxidation annealing enable us to prepare a high-quality surface for STM observation with 
atomic resolution.  It is found that two surfaces can be obtained by controlling the anneal 
procedure after film growth.  One is a (√2 × √2)R45º surface which can be formed by 
long-time annealing in oxygen after film deposition, and the other is a (1 × 1) surface which 
is actually complicatedly reconstructed and can be obtained without oxygen annealing.  In 
this section, a series of atomically resolved STM images and LEED patterns obtained from 
both type of surfaces are described in detail.  The topographic structures, as well as some 
local electronic properties of the surfaces, are also discussed.
 
 
4.1 (√2 × √2)R45º Surface 
 
As described in the section 3.2, post annealing with the appropriate condition can 
make the defective LCMO surface ordered with a (√2 × √2)R45º structure.  Long-time 
annealing after deposition also provides a nicely ordered surface.  Figure 4.1 shows LEED 
patterns of the STO substrate before deposition and (√2 × √2)R45º pattern obtained from a 
long-time annealed LCMO film.  The temperature and oxygen pressure were maintained at 
the same growth condition for 60 min and then gradually cooled down.  In the LEED pattern 






Figure 4.1.  LEED pattern of STO substrate and LCMO film obtained after long-time annealing 
with oxygen.  (a) (1 × 1) LEED pattern of in-situ annealed SrTiO  substrate before film 
deposition taken at 80 eV.  (b)–(d) (√2
3
 × √2)R45º LEED patterns of a La Ca MnO  film 
obtained with long-time annealing after depositions taken at (b) 60, (c) 95, and (d) 235 eV. 
5/8 3/8 3
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from the well-annealed LCMO film, a very clear (√2 × √2)R45º pattern, as seen in Figure 4.1, 
is observed.  The intensity of the fractional spots such as (0.5, 0.5) beams is comparable 
with that of the integer spots such as (0, 1) and (1, 1) beams.  And, no other fractional spots 
other than the (0.5, 0.5) are observed. 
In bulk LCMO and many of the other perovskite TMOs, distorted octahedra often 
reduce its crystal symmetry.  For example, the bulk unit cell of the ABO3 type perovskite 
system including LCMO is enlarged from simple cubic (1 × 1 × 1) to (√2 × √2 × 2) when the 
octahedra is tilted, and as a consequence, (√2 × √2)R45º becomes a nature unit cell in the 
(001) surface.  In addition to such a “bulk” originated surface reconstruction from simple 
cubic (1 × 1) to (√2 × √2)R45º, broken symmetry at the surface also causes a 
“surface”-induced reconstruction as frequently observed in many other material surfaces such 
as silicon, etc.  Elaborate LEED-IV studies of layered perovskite TMOs such as Sr2RuO4 and 
Ca2-xSrxRuO4 have revealed that cleaved surfaces have a particular distortion with tilting 
and/or rotating RuO6 octahedra that differ from the bulk [28][29][30].  Such a reconstruction 
reduces the surface symmetry and causes specific missing spots in LEED.  For example, 
rotating octahedra in the surface which do not exist in the bulk produce glide plane symmetry, 
and as a result, specific missing spots appear only at normal incidence geometry.  
The long-time annealed LCMO film also shows very clear (√2 × √2)R45º pattern in 
LEED, as expected from the bulk crystal symmetry.  However, no missing spots are 
observed from the LCMO films in normal as well as off-normal incidence geometry in the 
beam energy range between 40 to 400eV.  This result strongly indicates that the surface of 
the LCMO films do not have glide line symmetry which is induced by rotation of the 
octahedra, unlike the layered ruthenates reported previously.  In addition, the fact that the 
beam intensity of not only the integer beams but also the fractional beams such as (0.5, 0.5) is 
equally very intense gives us an important indication about the surface structure.  The origin 
of such a (√2 × √2)R45º superstructure will be discussed later.  From such well-annealed 
surfaces, atomically-resolved STM images in both occupied and unoccupied states are 
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successfully obtained.  Figure 4.2 and Figure 4.3 show STM images obtained in occupied 
(Figure 4.2) and unoccupied (Figure 4.3) states and its fast Fourier transforms (FFT).  In 
both states, STM visualize orderly aligned bright spots which form a square lattice of the 
(√2 × √2)R45º pattern.  The magnified image shown in Figure 4.2(b) and Figure 4.3(b) 
shows an interesting difference between occupied and unoccupied states.  In the occupied 
state image [Figure 4.2 (b)], bright dots make a square lattice pattern of (√2 × √2)R45º as 
indicated by the red dots in the unit cell.  In contrast, the unoccupied state image shows a 
distorted lattice pattern resulting in “zigzag” lines along [1–10] direction [Figure 4.3(b)].  
FFT more clearly shows such differences between both states, as seen in Figure 4.2(c) and 
Figure 4.3(c).  FFT in the occupied state shows a clear (√2 × √2)R45º pattern, while that of 
the unoccupied state shows additional spots overlapping the (√2 × √2)R45º spots.  These are 
(0.25, 0.75) and (0.75, 0.25) spots originated from the (√2 × 2√2)R45º structure, and it is 
actually confirmed in the STM image [Figure 4.3(b)] by the red dots as a unit cell of the 
(√2 × 2√2)R45º structure.  The height profiles shown in Figure 4.2(d) and Figure 4.3(d) 
show that the depth of the darker defect is about 1.3 Å.  In such a defect, the faint spot is 
also recognized in both the occupied and unoccupied image, indicating the atoms in the 
second layer underneath the (√2 × √2)R45º layer.  The positions of the bright dots in the 
occupied and unoccupied state images are basically the same except the slight shift making 
zigzag patterns in the unoccupied state image.  Various scan biases were also employed to 
investigate the bias dependence, especially in the unoccupied state, but no distinct differences 
among the obtained images were observed.  Also, all the unoccupied state images obtained 
at different biases show the same zigzag feature.  
With careful observation of the unoccupied state image, it is recognized that the 
surface actually has two kinds of domain that rotates 90º with respect to one another.  
Figure 4.4(a) shows an unoccupied image denoting two domains as indicated by red dots with 
a zigzag line.  In order to distinguish each domain, (0.5, 0.5) spots were removed in FFT, 
and then the modified FFT was inversed to produce a Fourier-filtered image.  Figure 4.4(b) 
             28
 
Figure 4.2.  Occupied-state STM data of long-time annealed LCMO film.  STM images with 
areas of (a) 20 × 15 nm, and (b) 3 × 3 nm obtained with 1.8 V/75 pA.  (c) FFT produced from 
(a).  (d) Height profile measured at dotted line shown in (a).  The red dots indicate the 
(√2 × √2)R45º unit cell. 
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Figure 4.3.  Unoccupied state STM data of long-time annealed LCMO film.  STM images 
(a) 20 × 15 nm and (b) 3 × 3 nm obtained with -1.8 V/35 pA.  (c) FFT produced from (a) 
showing a (√2 × 2√2)R45º pattern.  (d) Height profile measured at the dotted line shown in (a).  
The red dots indicate a (√2 × 2√2)R45º unit cell. 
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Figure 4.4.  Original and Fourier-filtered STM images of long-time annealed LCMO film.  
(a) original unoccupied state image, (b) Fourier-filtered image produced from (a), (c) original 
occupied-state image, and (d) Fourier-filtered image produced from (c).  Fourier-filtered images 
are produced by removing (1, 0) spots, as shown in the insertion in (a) and (c) (blue circles). 
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is an image obtained with (0.5, 0.5) spots removed by Fourier filtering.  Such a 
Fourier-filtered image can emphasize a periodic feature other than the (√2 × √2)R45º which 
corresponds to the removed FFT spots, and as a result, two domains can easily be 
distinguished by the emphasized zigzag line, as clearly observed in Figure 4.4(b).  The 
domain boundary seems to be along the [100] and the [110] directions as indicated by the 
dashed line.  Interestingly, defects in the surface also tend to make a line along the same 
direction as the zigzag line.  The domain size seems to be about the square of 30 nm or 
larger, from the STM observation.  On the other hand, the same image processing on the 
occupied state image provides no periodic feature in the Fourier-filtered image, as shown in 
Figure 4.4(d), meaning no other superstructure exists in the occupied state image.  Because 
the (√2 × 2√2)R45º pattern is not observed in LEED, there is no detectable lattice 
reconstruction (by LEED) other than the (√2 × √2)R45º in the surface.  In addition, the fact 
that the occupied state STM image does not have (√2 × 2√2)R45º periodicity strongly 
indicates the existence of “electronic” reconstruction of the (√2 × 2√2)R45º in the surface. 
In order to investigate a lattice structure of (√2 × √2)R45º, LEED -IV curves of integer 
and fractional beams of the (√2 × √2)R45º pattern were collected.  Although we have tried a 
number of surface models including those with bulk-like tilted octahedra, buckling surface 
Mn atoms, external oxygen adsorbed layer, etc, a reasonable R-factor has not been obtained.  
Figure 4.5(a) shows experimental LEED-IV curves of selected beams of the (√2 × √2)R45º 
pattern, and Figure 4.5(b) shows simulated LEED-IV curves obtained from the surface model 
shown in Figure 4.5(c).  In this model, the bulk crystal is considered as a simple cubic 
perovskite structure with a lattice parameter of 3.86 Å, and the surface is terminated by a 
MnO2 layer before oxygen adsorption.  To make a (√2 × √2)R45º structure, oxygen atoms 
are put on every other Mn surface atoms with a distance of 1.6 Å from the Mn atom.  This is 
too simple a model to simulate the observed (√2 × √2)R45º LEED pattern; however, some 
important features of the experimental LEED-IV curve are clarified by comparing it with both 
experimental and simulated LEED-IV curves.  First, as shown in Figure 4.5(a), the beam 
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Figure 4.5.  Experimental and simulated LEED-IV curves of a (√2 × √2)R45º surface.  
(a) experimental I vs V data obtained from a (√2 × √2)R45º surface and (b) simulated LEED-IV 
curves obtained from a (√2 × √2)R45º oxygen adsorption model (c).  In this model, oxygen 
atoms are adsorbed above every other surface Mn atoms.  The distance between adsorbed O and 
Mn is set to 1.6 Å.  For simplification, the bulk lattice is a simple cubic perovskite with a lattice 
parameter of 3.86 Å.  The experimental LEED-IV curves from all the beams shown in (a) 
maintain their intensity, even at higher energies above 300 eV, unlike the simulated curves shown 
in (b). 
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intensities of the fractional beams show comparable levels to that of the integer beams.  This 
feature makes the observed (√2 × √2)R45º pattern more like an isotropic square lattice 
structure unlike many of the cleaved surfaces obtained from layered TMOs.  The second 
significant feature is that all the LEED-IV curves maintain their intensity even at high 
energies above 300 eV.  This means that the Debye temperature is high and that the 
distortion is probably deep into the crystal. 
To evaluate the sensitivity of LEED intensity, the LEED-IV curve of a lateral distorted 
surface model is also simulated.  Figure 4.6(a) and Figure 4.6(b) show the simulated 
LEED-IV curve using the surface model shown in Figure 4.6(c).  In this model, the 
additional lateral distortion is given to the model with simply (√2 × √2)R45º adsorbed oxygen 
on the MnO2-terminated surface [Figure 4.5(c)].  The amount of the distortion and its 
direction are adapted from the unoccupied STM image showing a (√2 × 2√2)R45º pattern 
with the zigzag arrangement [Figure 4.3(b)].  No vertical distortion is given in the 
(√2 × 2√2)R45º model.  Surprisingly, the simulated results clearly show that LEED cannot 
detect the amount of the lateral distortion.  As shown in Figure 4.6(b), the simulated (1/4, 
1/4) and (3/4, 3/4) beams have very weak intensity (1/1000 smaller as compared to the (1/2, 
1/2) beam), and as a result, these (1/4, 1/4) and (3/4, 3/4) beams are almost missing in the 
LEED screen.  These results indicate that there is a possibility that the surface atoms have a 
slight distortion to form a (√2 × 2√2)R45º pattern, as observed in the unoccupied state STM 
image, even though LEED does not show a (√2 × 2√2)R45º pattern.  We may need to 
consider a wider variety of models to determine the (√2 × √2)R45º surface structure. 
The LEED -IV results shown in Figure 4.5 and Figure 4.6 have not produced a surface 
structure yet because of the complexity of this system.  However, the results discussed here 
strongly indicate that the actual surface is far more complicated than the simply oxygen 
adsorbed model.  The observed unique energy dependence of the LEED beam intensity also 
gives us very insightful information about the lattice structure of the (√2 × √2)R45º surface. 
 




Figure 4.6.  Simulated LEED-IV curves obtained the (√2 × 2√2)R45º surface model.  (a) 
Simulated LEED-IV curves obtained from the (√2 × 2√2)R45º oxygen adsorption model (b) with 
zigzag pattern.  The adsorbed oxygen atoms are shifted with 0.3 Å in the [110] and [-1–10] 
directions from the simple (√2 × √2)R45º model shown in Figure 4.5(c).
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4.2 (1 × 1) Surface with a Superstructure of (3√2 × 4√2)R45º 
 
If sample cooling is started immediately after film growth, the surface shows a 
considerably different structure from the well-annealed (√2 × √2)R45º surface discussed in 
the previous section.  From such unannealed LCMO films, a complex reconstruction pattern, 
shown in Figure 4.7, is observed.  Intense (1 × 1) spots and many fractional spots with weak 
intensity are clearly recognized.  Some of these spots have a characteristic elongated shape 
(or likely split) as marked by the arrows in Figure 4.7(b) and Figure 4.7(d).  The surface 
shows a very clean and smooth terrace with large width as can be seen in the STM image in 
Figure 4.8(a).  Figure 4.8(c) is an atomically resolved STM image of the unannealed LCMO 
film.  The STM image shows clear atomic corrugations with (1 × 1) lattice pattern, which is 
also indicated in the height profile shown in Figure 4.8(d).  Some point defects appearing as 
a black hole are also observed in the STM image.  The height difference of the atomic 
corrugation is about 0.2 Å.  Figure 4.8(b) is a FFT pattern produced from the STM image 
shown in Figure 4.8(c).  The FFT clearly indicates some superstructure in the STM image.  
In fact, overlapping with the (1 × 1) lattice image, some characteristic features are also 
partially recognized.  One is a “dimer”-like feature as pointed out by the green and blue 
arrows in Figure 4.8(c).  Some of the dimers elongate in the [100] direction (green arrows) 
and the others in the [010] direction (blue arrows).  It seems that many of the dimers 
elongated in the same direction are aligned along the [1–10] direction with spacing 3√2a0 
(e.g., see blue arrows).  The other characteristic is a “stripe”-like feature along the [1–10] 
direction, though it is very faint to recognize in the image.  To emphasize such a stripe-like 
feature, the full-color scale is applied, and the image contrast is adjusted in the STM image 
shown in Figure 4.9(a).  The aspect ratio of the image is also adjusted to highlight the stripes.  
Although the shape of the stripe feature is still vague, it is now well visible in the emphasized 
image.  The spacing between the neighbors of the stripes corresponds to 2√2a0 in the [110] 
direction, as indicated by the arrows.  Figure 4.9(b) is a magnified high-resolution STM 
image of the dimers, and Figure 4.9(c) is a schematic of the magnified image [Figure 4.9(b)] 






Figure 4.7.  LEED patterns of an unannealed 310-ML thick LCMO film.  The beam energies 
were (a) 153, (b) 96, (c) 72, and (d) 40 eV.  The arrows in (b) and (c) indicate characteristic split 
spots. 
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Figure 4.8.  High-resolution STM images and FFT of an unannealed 310-ML thick LCMO thin 
film.  (a) STM image with -1.8 V/30 pA.  (b) FFT produced from (c).  (c) STM image with 
2.0 V/100 pA. (d) height profile measured at the dotted line shown in (c).  The image areas are 
250 × 250 nm for (a) and 16 × 12 nm for (c). 
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Figure 4.9.   High-resolution STM images and a schematic of the lattice image of an 
unannealed 310-ML thick LCMO film.  (a) STM image with full-color scale to enhance the 
stripe like feature along the [1–10] direction.  The tip bias and set tunneling current were -1.8 V 
and 30 pA.  (b) Magnified STM image of dimers with atomic resolution.  (c) Schematic of the 
marked area shown in (b). 
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to clarify the details of the dimers.  With such high resolution, it is revealed that a position 
of the atoms composing the dimer is slightly off as compared with the surrounding (1 × 1) 
lattice position.  Also, dark spots around each dimer in the STM image are periodic 
characteristic features.  As indicated in the schematic, the dark spot exists around the 
position where the atoms composing the dimer are shifted. 
During scanning by STM on the unannealed LCMO thin film, the STM tip was very 
unstable, and sometimes quite different images were obtained even with the same tip bias 
voltage.  Figure 4.10 shows more distinct stripe-like features than Figure 4.8(c) with the 
same tip bias (but with the lower set tunneling current).  In the image, two domains as 
separated by the black dashed line are clearly shown, such as stripes along the [110] direction 
in the upper left area while along [1–10] in the right side of the image.  Figure 4.10(b) is a 
magnified image from the blue dashed box in Figure 4.10(a) showing the dimers, dark spots, 
and stripes overlapping with the (1 × 1) lattice corrugation.  Figure 4.10(c) is a schematic of 
Figure 4.10(b) to clarify the position of those features.  It is clearly shown that the periodic 
pattern composed of the dimers is (3√2 × 4√2)R45º, and the stripes align parallel with a short 
side of the rectangular unit cell of the (3√2 × 4√2)R45º.  The stripe apparently does not have 
a straight shape, but some kind of wavy (or zigzag) shape.  The fractional spots in the FFT 
also indicate some periodic superstructure (to be discussed later).  In the FFT pattern, most 
distinct spots are (0.25, 0.25) and (-0.25, -0.25) which correspond to the spacing of 2√2a0 
which may come from the stripes as well as the dimers along the [1–10] direction.  As we 
will discuss later, the periodicity of (3√2 × 4√2)R45º observed in the STM image corresponds 
to the periodicity observed in the LEED pattern shown in Figure 4.7. 
It was very difficult to obtain a (1 × 1) lattice image as shown in Figure 4.8(c) because 
of the severe requirement of an ideal monatomic STM tip to achieve high resolution.  More 
commonly, STM images with different appearances from the high-resolution (1 × 1) image 
were obtained.  Figure 4.11(a) and Figure 4.11(b) are typical STM images and the FFT for 
both the occupied and unoccupied state (obtained at a different position).  In such images, 
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Figure 4.10.  High-resolution STM images, schematic of dimers and stripes, and FFT of an 
unannealed 310-ML thick LCMO film.  (a) STM image showing dimer arrays and stripes with 
-2.0 V/50 pA.  (b) Magnified image from (a).  Image area is 8 × 8 nm.  (c) Schematic of STM 
image (b) showing dimers (pink), dark spots (brown), stripes (green), and (1 × 1) atoms (blue).  
(d) FFT from STM image (a). 
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Figure 4.11.  Bias-dependent STM images of an unannealed 310-ML thick LCMO film.  
(a) Occupied-state STM image with 3.8 V/65 pA.  (b) Unoccupied-state STM image with 
-1.5 V/45 pA.  (c) Occupied- and (d) unoccupied-state STM image obtained at the same position.  
Tip bias and set tunneling current were 2.2 V/45 pA for (c) and -1.75 V/45 pA for (d).  The green 
dots shown in (c) and (d) indicate the same position on the surface. 
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the STM tip was not sharp enough to resolve the (1 × 1) lattice corrugation.  However, with 
such a stable tip, bias-dependent STM images with a wide range of scan biases were 
successfully obtained.  Changes in the polarity of scan bias voltage cause distinctly different 
STM images.  As shown in Figure 4.11(a), the occupied state image shows relatively flat 
small domains surrounded by black holes and lines between the holes.  On the other hand, 
unoccupied state images [Figure 4.11(b)] show an array of bright dots with a diameter of 
about 0.6 nm.  Small oval dots are also observed in between the bright dots.  In both the 
occupied and unoccupied state images, FFT shows a similar periodic pattern, indicating that 
there is common periodicity in both images.  Figure 4.11(c) and Figure 4.11(d) show both 
bias images obtained from the same position.  Comparing both images, it is clearly shown 
that the image contrast is basically opposite between both states.  The dark holes in the 
occupied state image exactly correspond to the bright dots observed in the unoccupied state 
image, as indicated by the green dots.  Some fine corrugation can also be seen in both state 
images, but the image contrast is not enough to distinguish it in further detail.  A series of 
bias-dependent STM images have also been obtained at the same position, as shown in 
Figure 4.12.  At the highest tip bias voltage among the images such as V = -1.2 V 
[Figure 4.12(a)], the surface shows characteristic bright dots (1.4 Å in height).  Fine stripes 
along the [100] direction in spacing a0 as well as faint (1 × 1) lattice dots can be seen.  With 
an increase in the tip bias voltage, the surface becomes flat, and the bright dots seen in 
Figure 4.12(a) become rather indistinct.  On the other hand, the bright dots as pointed out by 
the arrows in the V = -2.0 V image [Figure 4.12(d)] behave the other way; it becomes more 
distinct as the tip bias voltage is increased.  The height profiles [Figure 4.12(e)] clearly 
show the topological difference between both images such as V = -1.2 and -2.0 V.  The 
arrows in the height profile indicate the positions of the bright dots observed in 
Figure 4.12(d).  The observed bias-dependent behavior in the STM image indicates complex 
electronic states in the surface of the unannealed LCMO thin film, which is in contrast to the 
well-annealed (√2 × √2)R45º surface where the image shows much less bias dependence.  
FFT patterns from the STM image with various biases also show bias dependence.  The FFT 





Figure 4.12.  Bias-dependent STM image in the unoccupied state of an unannealed 310-ML 
thick LCMO film.  Series of STM images obtained at (a) -1.2, (b) -1.5, (c) -1.75, and (d) -2.0 V.  
The set tunneling current was 45 pA, and the image area was 10 × 10 nm for all the images.  
The color scale is uniform for all the images.  (e) Height profiles from (a) and (b).  (f) and (g) 
are FFT produced from the original image of (a) and (d), respectively.  





Figure 4.12.  Continued.  
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spots marked by the arrows in Figure 4.12(f) have the highest intensity in the FFT produced 
from the STM image at -1.2 V, while no corresponding spots are observed in the FFT at -2.0 V, 
shown in Figure 4.12(g).  These are (0.25, -0.25) and (-0.25, 0.25) spots from a feature 
having spacing of 2√2a0 in the STM image.  Although the appearance of the bias-dependent 
STM images look quite different from the high-resolution images, the spots associated with 
2√2a0 spacing are commonly observed (except for the image at V = -2.0 V).  
Figure 4.13 provides a link between the two types of STM images, such as Figure 4.8 
(with high resolution) and Figure 4.11 (with low resolution); the former shows a (1 × 1) 
lattice pattern while the latter does not.  The STM image shows a clear (1 × 1) lattice image 
as well as a stripe feature along the [110] direction.  Considering that the (0.25, 0.25) spots 
in these FFTs are commonly seen, the stripe feature, as circled in Figure 4.13(b), seems to be 
corresponding to the array of bright dots along the [110], as circled in Figure 4.13(c).  As we 
discussed, such a stripe feature is also clearly seen in Figure 4.10(a) and Figure 4.10(b), as 
depicted by the green zigzag lines in Figure 4.10(c), and also observed in the enhanced color 
image shown in Figure 4.9(a).  Interestingly, the spacing of the stripes, such as 2√2a0, 
coincides with the spacing of the long side of the unit cell of (√2 × 2√2)R45º in the 
unoccupied state STM image obtained from a (√2 × √2)R45º surface (Figure 4.3).  This may 
indicate structural and/or electronic characteristics in common with both surfaces.  With all 
the STM results discussed above, it can be concluded that the stripe along the [110] direction 
with spacing 2√2a  represents an inherent structural (or possibly electronic) property of the 
unannealed LCMO film.  
0
Figure 4.14 shows schematics of real and reciprocal lattice patterns of the 
(3√2 × 4√2)R45º superstructure.  The unit vectors of the (3√2 × 4√2)R45º as well as the 
(1 × 1) in real space shown in Figure 4.14(a) are converted into reciprocal unit vectors shown 
in Figure 4.14(b).  In order to simulate the complex LEED pattern obtained from the 
unannealed LCMO film (Figure 4.7), we assume that there are missing spots indicated as 
white dots in the reciprocal (3√2 × 4√2)R45º pattern shown in Figure 4.14(b).  Considering 
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Figure 4.13.  High-resolution STM images of an unannealed 310-ML thick LCMO film.  
(a) STM images with 2.0 V/20 pA. (1 × 1) and stripe-like characteristics are clearly recognized.  
(b) Magnified image from (a).  The insertion in (b) is the magnified image from Figure 4.12(b).  
Both images have the same lateral scale. 







Figure 4.14.  Schematics of real and reciprocal lattices of the (3√2 × 4√2)R45º pattern.  Unit 
vectors of (1 × 1) (blue) and (3√2 × 4√2)R45º (brown) in (a) real space and (b) reciprocal space.  
(c) Simulated LEED pattern from double domain of (3√2 × 4√2)R45º.  The red and blue dots 
represent reflections from each domain.  The purple dots are common reflections in both 
domains.  (d) LEED pattern of an unannealed 310-ML thick LCMO film at 96 eV.  
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the rectangular unit cell of the (3√2 × 4√2)R45º structure, it is likely that the surface is 
composed of two mixed domains which rotate by 90º with respect to one another.  In fact, 
the schematic reciprocal pattern from two domains of (3√2 × 4√2)R45º with the missing spots 
can reasonably simulate the LEED pattern.  Figure 4.14(c) shows the simulated LEED 
pattern from the two domains.  When compared with the observed LEED pattern shown in 
Figure 4.14(d) (and Figure 4.7), the simulated pattern shows reasonable agreement.  In 
addition, the characteristic elongated spot in the LEED pattern, as marked by arrows in 
Figure 4.7(b) and Figure 4.7(d), actually seems to be composed of two spots from each 
domain as seen in the pairs of blue and red dots in the simulated pattern.  All the spots 
observed in the FFT of the STM image can be explained by the simulated (3√2 × 4√2)R45º 
pattern, if there are missing spots in each FFT.  
Taking into account all the results described above, we conclude that the unannealed 
LCMO film surface has a complex reconstruction, and (3√2 × 4√2)R45º is a fundamental 
periodicity of the surface.  In addition, as we discussed, the 2√2a0 stripe presumably 
represents inherent structural or electronic properties of the surface.  However, considering 
that the (1 × 1) lattice image is clearly available from such surface, we still name such a 
(3√2 × 4√2)R45º reconstructed surface as (1 × 1) in this dissertation with the understanding 
that the true translational symmetry does not exist. 
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Chapter 5  
 
Tunable Metallicity at the Surfaces of La Ca MnO  






As discussed in the previous section, well-controlled post oxidation annealing 
provides a (√2 × √2)R45º structure in the surface of the LCMO films, while the unannealed 
surface shows (1 × 1) which is actually a (3√2 × 4√2)R45º reconstruction.  It was also found 
that the surface structure depends strongly on the time of post annealing in oxygen.  
Figure 5.1 shows STM images of LCMO film surfaces with a post-annealing time of (a) 30, 
(b) 10, and (c) 0 min.  When the film was post annealed for 30 min, the surface exhibited a 
well-ordered (√2 × √2)R45º reconstruction [Figure 5.1(a)], which can clearly be seen in the 
magnified image [Figure 5.1(b)].  When the post-annealing time is reduced to 10 min, 
defects start to develop in the (√2 × √2)R45º domains [Figure 5.1(c)].  In addition, new 
domains with a (1 × 1) lattice structure appear and coexist with the (√2 × √2)R45º domains.  
The marked line profile shows that the height difference between the (√2 × √2)R45º domain 
and the (1 × 1) domain is about 1.3 Å [Figure 5.1(d)].  For the as-grown film without post 
annealing in oxygen [Figure 5.1(e)], a nearly perfect (1 × 1) lattice pattern (with a 
(3√2 × 4√2)R45º reconstruction) becomes dominant on the surface.  
The (1 × 1) and the (√2 × √2)R45º structures can be converted back and forth through 
the control of adsorption and desorption of oxygen at the surface.  As indicated by the green 
arrows in Figure 5.2, with increasing annealing time in oxygen at 820°C, more and more 
(√2 × √2)R45º patches appear on the otherwise (1 × 1) surface.  Over a long enough time, 
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Figure 5.1.  STM images of La5/8Ca3/8MnO3 (001) surfaces with a post-annealing time of (a) 30, 
(b) 10, and (c) 0 min. (d) and (f) are the high-resolution zoomed-in images of (a) and (c), which 
show clearly the (√2 × √2)R45º and (1 × 1) lattices, respectively.  (e) is the line profile of the 
white mark in (b), which shows a height difference of 1.3 Å of the two domains.  The image 
areas are 60 × 60 nm for (a), (b), and (c) and 16 × 12 nm for (d) and (f). 
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Figure 5.2.  Flowchart of the structure evolution between (1 × 1) and (√2 × √2)R45º.  Arrows 
indicate the conversion from annealing in oxygen (green) or UHV (blue), respectively.  
Annealing the sample with the (1 × 1) structure (a) in oxygen at 550°C for 10 min (b) and 30 min 
(c), coexist with the (1 × 1) structure, more and more (√2 × √2)R45º patches show up, and finally 
a full (√2 × √2)R45º structure (d) forms.  Annealing the sample with the (√2 × √2)R45º structure 
(d) in UHV at 400 ºC for 10 min (e) and 30 min (f), (√2 × √2)R45º (insert in (e)) and 
(√2 × √2)R45º (insert in (f)) patches show up, and finally a full (1 × 1) structure (a) forms.  (b), 
(c), (e), and (f) are 150 × 150 nm; (a), (d), and all the inserts are 16 × 12 nm. 
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these patches grow until the surface has a nearly complete (√2 × √2)R45º structure.  It is 
then possible to return the surface to its (1 × 1) structure by annealing in ultrahigh vacuum 
(UHV) which forces oxygen desorption.  As indicated by the blue arrows in Figure 5.2, with 
increased annealing time at 400ºC, the (√2 × √2)R45º surface reduces first to a (√2 × √2)R45º 
surface structure, then to a (√2 × √2)R45º structure, and after sufficient time to the (1 × 1) 
structure.  The sequential formation of (√2 × √2)R45º, (√2 × 2√2)R45º, and (√2 × 3√2)R45º 
upon oxygen desorption strongly hints that these surface reconstructions are associated with 
increasing oxygen deficiency at the surface. 
More direct evidence to show that the nature of the (√2 × √2)R45º surface is caused by 
an oxygen overlayer atop the (1 × 1) surface is given by using a STM tip to gently scratch the 
(√2 × √2)R45º surface.  As shown in Figure 5.3, while scanning the STM tip across a  
(√2 × √2)R45º surface (Figure 5.3(a)) using a higher tunneling current of 75 pA as compared 
with the usual parameter of 35 pA, the tip accidentally scrapes off the (√2 × √2)R45º layer 
and exposes a new surface [Figure 5.3(b)].  In the exposed surface zoomed in Figure 5.3(c), a 
(1 × 1) structure (indicated by red dots) is clearly visible, in contrast to the surrounding 
(√2 × √2)R45º lattice (indicated by the blue dots).  The height difference between the 
(√2 × √2)R45º surface and the exposed (1 × 1) patch is about 1.4 Å, which is consistent with 
the height of an oxygen overlayer on the (1 × 1) surface (Figure 5.1). 
Given the fact that the SrTiO3 surface is terminated by a TiO2 plane, the (1 × 1) 
surface reflects the MnO2-terminated surface.  This is because the LCMO film grows unit 
cell by unit cell as evidenced by RHEED oscillations as well as STM step height 
measurements at the initial stage of growth as discussed in Section 3.3.  When oxygen atoms 
adsorb atop the MnO2-terminated surface, the MnO6 octahedron is completed, just like that of 
the bulk structure.  There are two possible structural models for the adsorbed oxygen atoms 
to generate the observed (√2 × √2)R45º reconstruction.  In the first model, the oxygen atoms 
locate atop every MnO6 octahedra.  In bulk, the MnO6 octahedra are known to tilt due to the 
Jahn-Teller distortion [31][32] which results in a natural (√2 × √2)R45º reconstruction at the 




Figure 5.3  STM images of the LCMO surface before (a) and after (b) a STM tip scratching as 
described in text (18 × 18 nm).  (c) is the zoom in (13 × 8 nm) of (b).  The blue dots show the 
(√2 × √2)R45º lattice, while the red dots indicate the (1 × 1) lattice; both unit cells are marked 
with black squares. 
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surface.  In the second model, the oxygen atoms sit atop every other MnO6 octahedra and 
form the (√2 × √2)R45º lattice arrangement.  The major difference between the two models 
is that half of the oxygen atoms are missing in the second model.  Based on our observations 
of the structural evolution of (√2 × √2)R45º → (√2 × 2√2)R45º → (√2 × 3√2)R45º during the 
oxygen desorption process, we can rule out the first model because it is highly unlikely that 
the octahedron tilt can result in ordering with larger unit cells than the (√2 × √2)R45º.  We 
thus conclude that the second structural model, i.e., the missing oxygen model (Figure 5.4), 
explains the observed structural evolution.  In fact, the second structural model, with only 
half a monolayer of oxygen atoms, is energetically favored because an increase in the number 
of surface oxygen atoms to a full monolayer would increase the Coulomb energy contribution 
to the surface total energy due to the larger amount of charge at the surface. 
Remarkably, there is a dramatic difference in metallicity for the (√2 × √2)R45º 
structure and the (1 × 1) structure.  As shown in Figure 5.5, the scanning tunneling 
spectroscopy I/V curves (in logarithmic scale) of the (√2 × √2)R45º and the (1 × 1) surfaces 
are distinctly different near the Fermi energy.  Each single curve was obtained from a 
randomly selected position.  The (√2 × √2)R45º surface yields an insulating characteristic 
with a band gap of about 1.35 eV while the (1 × 1) surface is metallic and shows no band gap.  
The 1.35 eV gap for the (√2 × √2)R45º surface is comparable to that of the ~1 eV gap 
measured in the bulk [33].  
To understand the origin of the insulating and metallic behaviors with or without 
oxygen, theoretical results of the electronic structure in the “surface” of manganites would 
give us important insights into the surfaces we study.  Several theoretical results focusing on 
the bulk-terminated surface have been published [34]–[41].  The MnO2-terminated surface 
has been studied by employing a tight-binding model [34][35], a pseudo-potential method 
[36][37], and density-functional theory (DFT) with the generalized gradient approximation 
(GGA) [38][41], whereas the (La,Sr)O-terminated surface has been studied by DFT-GGA [38] 
and self-interaction corrected (SIC) local spin density approximation (LSDA) [35].  The 







Figure 5.4.  Side view (upper panel) and top view (lower panel) of the stick and ball models for 
the (1 × 1) and (√2 × √2)R45º structures, with red, large blue, and small blue balls representing 
Mn, O atoms located atop the MnO6 octahedra, and O at the MnO2 layer, respectively.  The unit 
cells of (1 × 1), (√2 × √2)R45º, (√2 × 2√2)R45º, and (√2 × 3√2)R45º are outlined in the lower 
panel. 













Figure 5.5.  Scanning tunneling spectroscopy I/V curves (shown in logarithmic scale) obtained 
at set points of 1.8 V/30 pA and 0.6 V/200 pA from the (√2 × √2)R45º and the (1 × 1) surfaces, 
respectively.  The (1 × 1) surface shows no band gap while the (√2 × √2)R45º surface shows a 
1.35 eV band gap.  Note that the band gap for the (√2 × √2)R45º is intrinsic because it remains 
unchanged when the tip is placed further from the surface at different set points. 
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electronic states of Mn atom in the surface of cubic perovskite manganites should be very 
sensitive to surface termination, namely, MnO2 and (La, A)O (A is a doped cation) termination.  
In the MnO2-terminated surface oxygen atom located atop the MnO6 octahedron is missing, 
whereas all the oxygen atoms are maintained in the (La, A)O termination.  In the MnO2 
termination, the eg(3z2-r2) orbital is expected to be favored because of the lack of coulomb 
repulsion from the pz electron of the missing oxygen on top of the octahedron [34][35][38].  
Considering that the transport property is strongly influenced by the lattice structure in 
correlated electron systems, surface relaxation is also important in understanding the 
metallicity of the LCMO surface.  Pruneda et al. have conducted a thorough study to 
investigate the effects of lattice relaxation on the electronic states of the La0.7Sr0.3MnO3 
(LSMO) surface [41].  As shown in Figure 5.6(a), significantly localized surface states of 
e 2 2 , as well as t , are obtained from an unrelaxed slab model (labeled as “SURFACE 
Unrelaxed”).  When the lattice model is fully relaxed, the energy of the surface states is 
reduced, and the density of the e 2 2  state is increased (“SURFACE Relaxed”).  However, 
the general appearance of the calculated partial density of states (DOS) of the Mn 3d orbital is 
quite similar to the results from the unrelaxed surface in the sense that the peak of the DOS of 
e 2 2  and t  exist around the Fermi level, as compared with the result from the bulk 
model.  In the relaxed lattice model, significant buckling was found in the surface layer with 
the shifting of Mn atoms toward the vacuum, resulting in the reduced tilting angle of MnO  
octahedra, as shown in 
g(3z -r ) 2g(xy)
g(3z -r )
g(3z -r ) 2g(xy)
6
Figure 5.6(b); such as about 3º in the surface while 6.8º in bulk.  Fang 
et al. also estimated the bond length between the surface O and Mn for both terminated 
surfaces.  For the MnO2-terminated surface, the bond length of Mn-O increases 2.7% 
compared with that for the bulk, while that for the (La, Sr)O-terminated surface decreases 
only 0.2 % [38].  
Compared with the MnO2 termination, the surface electronic states of the other 
termination, such as (La, A)O (A is a doped cation), are expected to be different.  Fang et al. 
claimed that the missing Mn atom above the oxygen atom in the surface (MnO6 octahedra) 






Figure 5.6.  Partial density of states for Mn and results of full atomic relaxation.  (a) PDOS for 
up (down) spins [bottom (top)] for the Mn 3d orbitals in the center of the slab composed of the 
MnO2-terminated 5.5 unit cell thick model.  (upper), and the surface layer before (middle), and 
after (lower) the structural relaxation.  (b) Octahedral tilt angle versus position across the slab; z, 
in units of the cubic lattice constant; and a0 (= 3.89 Å).  The dashed line shows the value for the 
theoretically relaxed bulk geometry.  (b) Off-centering (in Å) of the Mn atoms from the plane 
defined by the neighboring O atoms in the MnO2 layer.  The z origin is defined at the center of 
the slab.  Error bars indicate the differences within the same atomic layer.  Reprinted with 
permission from [41].
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will strengthen the pdσ hybridization between the surface O atom and the second layer Mn 
atom, causing eg(3z2-r2) state to be energetically unfavored [38].  They evaluated orbital 
polarization for both the (La, Sr)O and MnO2 surfaces and concluded that n3z2-r2/nx2-y2 for the 
(La, Sr)O surface is 0.74 while that for the MnO2 surface is 2.16, where n3z2-r2/nx2-y2 is the ratio 
of occupation numbers for the two eg orbitals of the surface Mn atom [38].  Zenia et al. have 
investigated a La0.7Sr0.3MnO3 surface terminated by a (La0.7Sr0.3)O layer using SIC-LSDA.  
They also found that eg(x2-y2) is an energetically favored state and is localized in the Mn site at 
the subsurface underneath the topmost (La, Sr)O, as opposed to the case of the MnO2 
termination [35].  These results indicate antiferromagnetic coupling and a poor conducting 
surface in the (La, Sr)O-terminated surface.  
As described above, theoretical calculations of the MnO2 terminated surface, while 
being inconsistent in whether the magnetic order is ferromagnetic [34][35][37] or 
antiferromagnetic [38], all conclude that eg(3z2-r2) is the dominant state for the 
MnO2-terminated surface.  In addition, it is predicted that the angle of Mn-O-Mn (from the 
topmost Mn to the inside Mn) along the z axis, which is associated with tilting octahedra, 
significantly reduced only in the MnO2 termination [41], which will increase the hopping 
probability of carriers to move between neighboring Mn atoms via the O atom.  These give 
rise to a conductive characteristic along the orbital direction (z; normal to the surface).  On 
the other hand, the eg(x2-y2) state is predicted as the dominant electronic state in the 
(La, A)O-terminated surface, and the surface becomes antiferromagnetic [21][35][38].  With 
these theoretical results, it can be assumed that the MnO2 termination provides larger surface 
conductivity than the (La, Ca)O termination.  The insulating phase in the (La, A)O 
termination was also revealed experimentally.  Freeland et al. found that the cleaved surface 
of layered La2-2xSr1+2xMn2O7 is an antiferromagnetic insulator only in the topmost bilayer [2].  
A very recent work has elucidated the origin of the insulating surface by structural analysis 
using the LEED-IV technique [39].  Nascimento et al. investigated the bond length of each 
Mn-O of the MnO  octahedra in the surface (La, Sr)O layer and found that the weaker 6
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Jahn-Teller distortion at the surface drives an antiferromagnetic phase [39].  In summary, for 
the bulk-terminated surface, the MnO  termination tends to drive a ferromagnetic conducting 
surface while (La, A)O becomes an antiferromagnet insulator. 
2
Before discussing the insulating (√2 × √2)R45º surface of the LCMO thin film, we 
need to evaluate the amount of surface oxygen which will strongly affect the valence of the 
Mn atom.  First, one may expect considerable oxygen deficiency in the (1 × 1) surface 
because of the lack of oxygen annealing resulting in a complex reconstruction in the surface.  
However, the (1 × 1) surface coexisted with growing (√2 × √2)R45º domains during post 
oxidization until the surface was fully covered by a (√2 × √2)R45º surface.  With the fact 
that LEED and STM always show (3√2 × 4√2)R45º reconstruction in the coexisting (1 × 1) 
domains even during post oxidization annealing, we can neglect a possibility of production of 
oxygen deficiency in a (1 × 1) surface.  Because MnO2 is expected to be a polar surface, 
electrostatic energy may drive the complex reconstruction in the MnO2 termination.  Second, 
we need to determine the coverage of oxygen for the (√2 × √2)R45º surface induced by post 
oxidation.  Although monolayer adsorption may form a bulk-like (√2 × √2)R45º termination 
structure (without cations), evidence of structural evolution from (√2 × √2)R45º to 
(√2 × 3√2)R45º through a oxygen desorption strongly indicates half monolayer coverage of 
oxygen as we discussed previously.  
Now, let us discuss the (√2 × √2)R45º surface.  Figure 5.4 is the simple oxygen 
adsorption model with half coverage of oxygen; however, the actual (√2 × √2)R45º surface 
should be more complicated than such a simple adsorption model.  In fact, as shown in 
Figure 4.5, our LEED-IV study has not been successful in determining the lattice structure of 
the (√2 × √2)R45º surface.  The observed energy dependence of the reflection beam in 
LEED strongly indicates a deep reconstruction.  This is also supported by possible strong 
polarization at the (√2 × √2)R45º surface.  Missing (La, Ca) cations in the (√2 × √2)R45º 
surface will cause strong polar surfaces, and such a strong charge unbalance will drive a 
significant reconstruction in the surface and cause significant changes in the electronic 
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configuration.  Figure 5.7 shows a Madelung constant of each single layer and oxygen 
adsorbed layer calculated by summing the charges in the 800R squared area, where R is the 
bond length of Mn-O in the MnO2 layer as the distance to the most nearest neighbor atom.  
The charge of the Mn and (La, Ca) atoms is set to -2.675 and -3.325 which are derived from 
the amount of doped holes.  As shown in Figure 5.7(a), all the single layers are polar, and 
only the (La, Ca)O layer is positive, while the rest are negatively charged.  Figure 5.7 (b) is 
the Madelung constant at the Mn site in the MnO2-terminated surface and simulated oxygen 
adsorbed surfaces with 0.5 and 1 ML of oxygen.  The distance between the MnO2 surface 
and the oxygen adsorbed layer is set to R.  As compared among the numbers in Figure 5.7(b), 
the oxygen-adsorbed surface is strongly polarized (Madelung constant diverges due to the 
excess negative charge by O).  Although we have not obtained an appropriate surface model 
yet, such polarization in the oxygen-adsorbed surface will drive significant surface 
reconstruction.  
Another explanation for the origin of the insulating surface with oxygen adsorption 
can be derived in terms of “extrinsic” doping by oxygen.  Because oxygen has the second 
highest electronegativity in the elements, adsorbed oxygen will remove charge from the 
MnO2 surface.  This means that the oxygen adsobates will act as an extrinsic hole dopant for 
the surface.  In the family of CMR manganites, hole doping beyond x = 0.5 usually leads the 
material from a ferromagnetic metal to an antiferromagnetic (AF) insulator as a result of 
charge and orbital ordering of the electrons in the Mn atoms [20][21].  However, although 
heavily hole-doped LCMO becomes an AF insulator below Tc, the actual conductivity at room 
temperature, which is far above the Tc, is nearly the same or even lower than that of the 
optimally doped (for the FM phase with the highest Tc) LCMO (e.g., x = 3/8).  This 
contradiction can be explained with the amount of possible doping from the oxygen.  
Although we have no direct evidence about the amount of adsorbed oxygen, as we discussed, 
the structural evolution from (√2 × √2)R45º to (√2 × 3√2)R45º during UHV annealing 
strongly indicates that half of the (1 × 1) sites may be covered by the oxygen.  In a simple 





Figure 5.7.  Calculated Madelung constant obtained from (a) each single layer, (b) simulated 
bare MnO2 surface and oxygen-adsorbed surfaces, (c) schematics of each single layer.  From left 
to right:  MnO2 surface, (La, Ca)O surface, (√2 × √2)R45º adsorbed oxygen layer, and (1 × 1) 
adsorbed oxygen layer.  The calculations were conducted for 800R by 800R squared lattices, 
where R is the distance of Mn–O as the distance from the nearest neighbor atom. 
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ionic view, one oxygen will take -2e charge from the surface.  Because the LCMO film has 
already been doped with an amount of x = 3/8, the adsorbed oxygen will cause extensive 
overdoping onto the surface.  This may result if the surface becomes truly insulating like 
CaMnO3 which has no eg electron to carry a charge in the material.  A recent paper reported 
on in-situ doping control of the surface electronic states on the high-temperature 
superconductor YBa2Cu3O7-δ [5].  The cleaved surface of YBa2Cu3O6.5 is actually a heavily 
overdoped one due to the self-doping induced by the polar surface.  On such a surface, the 
deposited potassium acts as an electron dopant, or hole remover, and changes the surface 
electronic states from an overdoped to an underdoped regime.  Deposition of potassium onto 
bilayer graphene also successfully controlled the electronic states, and it clearly demonstrated 
the control of the energy gap between the valence and conduction bands [6].  These results 
strongly support the extrinsic doping scenario with consideration of the phase diagram of 
LCMO.  
As discussed above, the oxygen-adsorbed (√2 × √2)R45º surface is very different from 
the bulk-terminated (La, Ca)O surface.  Lack of so many atoms in the proposed missing 
oxygen model (Figure 5.4), such as the missing 75 % of atoms in the original bulk-terminated 
(La, Ca)O layer, may cause significant polarization and large structural distortion.  In 
addition, unlike the deposited potassium on the YBCO or graphene, oxygen deposition onto 
the MnO -terminated surface will cause Mn d – O p hybridization, this may drive further 
structural modification as well as extensive changes in the surface electronic states.  
Because it is a strongly correlated system, structural distortion will cause dramatic changes in 
electronic and magnetic properties, and vice versa.  We have tried to determine the lattice 
structure of the oxygen adsorbed (√2 × √2)R45º surface using the LEED-IV technique, but an 
appropriate surface model giving a reasonable R factor has not been obtained yet.  This also 
indicates that the actual surface is far more complicated than our expectation.  
2
In summary, the LCMO thin film surface can be converted back and forth between the 
(1 × 1) and (√2 × √2)R45º surfaces by adsorption/desorption of oxygen.  The (√2 × √2)R45º 
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surface shows insulating behavior while the (1 × 1) surface is metallic.  The metallic feature 
of the (1 × 1) surface can be explained from the electronic state of the surface Mn atom.  
However, for the insulating behavior of (√2 × √2)R45º, we do not have a clear scenario to 
explain its origin.  The extrinsic doping effect is one candidate to explain the origin of the 
insulating property of the (√2 × √2)R45º surface.  However, drastic changes in surface 
structure are reasonably expected by possible strong polarization in the surfaces due to the 
missing cation.  A full understanding of this issue will rely on a further structural 
investigation and a theoretical calculation of the electronic structure of the oxygen-adsorbed 
(√2 × √2)R45º surface, as well as the (1 × 1) surface for the LCMO thin film.  
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Chapter 6  
 
Thickness-Driven Surface Structural Phase Transition 





One of the great advantages of a thin-film system is that strain in the material can be 
controlled by utilizing lattice mismatch between a substrate and a film.  Because lattice, 
electron, and spin are strongly correlated, controlling strain in the film gives rise to control of 
the electric and magnetic properties of the film.  A very systematic study has been engaged 
and reviewed by Schlom et al. on controlling biaxial strain in thin films to tune the 
ferroelectric properties [42].  Because ferroelectricity is sensitive to atomic coordination, 
controlling strain in the film is an effective way to tune it.  For the CMR manganites, the 
strain effect has also been emphasized by a number of studies [26][43]–[48].  The lattice 
constant of LCMO and STO is 3.86 and 3.91 Å, respectively, and thus a fully epitaxial LCMO 
film grown on STO should have tensile strain from the substrate.  A fully strained film will 
be expected at very small thicknesses, while a partially relaxed film will be available when 
the thicknesses are large enough.  As we discussed in Section 4.2, the surface of a film with 
a large thickness such as 310 ML (120 nm) shows a complex reconstruction like 
(3√2 × 4√2)R45º, although we name it as (1 × 1).  It is of particular interest to see how the 
surface changes when the film thickness is reduced.  In order to study the correlation 
between the thickness and a surface structure, LCMO films with thicknesses in the range 
from 1 ML (0.39 nm) to 310 ML (120 nm) were carefully grown on an STO (001) substrate 
without annealing after the deposition, and the surfaces were investigated using in-situ LEED 
and STM.  
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Figure 6.1 shows LEED patterns obtained from a 3-ML film of LCMO.  As compared 
to the LEED pattern from the “thick film with a thickness of 310 ML, as discussed in 
Section 4.2, LEED shows less fractional spots; for example, (0.5, 0.5) and (0.75, 0.75) spots 
are not observed.  Another obvious difference is that the spots marked by the arrows in 
Figure 6.1(b) and Figure 6.1(d) are single spots, and no split spots are observed.  From such 
surface, STM visualizes atomically ordered surfaces.  Figure 6.2 shows STM data obtained 
from an unannealed LCMO film with a thickness of 4ML.  As shown in Figure 6.2(c), the 
surface shows a very clear (1 × 1) lattice with a number of defect-like dark areas (~0.8 Å in 
depth).  In addition, overlapping with the (1 × 1) lattice image, the larger corrugation 
(several nm wide) can be recognized as a background of the (1 × 1) lattice, as seen in the 
height profile.  Furthermore, some of the (1 × 1) dots seemingly make a line along the [100] 
directions, as pointed to by the blue arrows in Figure 6.2(c).  The FFT shows clear (1 × 1) 
spots and very faint fractional spots, as marked by the arrows in Figure 6.2(b).  These 
fractional spots are (1.25, 0.5), and these are also seen in the LEED pattern.  These 
characteristics of the STM image, as well as the LEED pattern from the “thin” LCMO film 
such as with the thickness of 3 ML, are quite different from that of the thick film. 
Figure 6.3(a) and Figure 6.3(b) show unoccupied state STM images obtained with 
different tip bias voltages at the same position.  When compared with both images, STM 
provides quite different images; such as a (1 × 1) lattice corrugation at low bias [-0.8 V 
shown in Figure 6.3(a)] and characteristic pattern with elongated large corrugations [e.g., 
circled area in Figure 6.3(b)] at high tip bias voltages (-2.4 V).  The large corrugation seems 
to elongate along the [110] directions, and the distance between neighbor valleys (or top) 
corresponds to 2a0.  Figure 6.4 is another set of the bias-dependent STM images with atomic 
resolution.  Changing the polarity of the tip bias also reveals an interesting bias dependence 
in STM, as shown in Figure 6.4(a) and Figure 6.4(b).  As marked by the colored arrows in 
both images, the atomic dots can be categorized in terms of bias-dependent behavior.  
Compared with the atoms pointed to by the green arrows, the height of the atoms with the red 






Figure 6.1.  LEED patterns of an unannealed 3-ML thick LCMO film.  Beam energies were 
(a) 40, (b) 80, (c) 95, and (d) 150 eV. 
             68
 
Figure 6.2.  High-resolution STM images and FFT of an unannealed 4-ML thick LCMO film.  
(a) STM image with -1.75 V/15 pA.  (b) FFT produced from (c).  The white arrows point to 
fractional spots of (1.25, 0.5).  (c) High-resolution STM image with -0.6 V and 200 pA.  The 
black arrows indicate characteristics of the atom line along the [110] directions.  (d) Height 
profile measured at the dotted line shown in (c).  Image areas are 84 × 84 nm for (a) and 
16 × 12 nm for (c). 
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Figure 6.3.  Bias-dependent STM images in the unoccupied state of an unannealed 4-ML thick 
LCMO film.  STM images obtained with (a) -0.8 V/20 pA and (b) -2.4 V/20 pA.  The Color 
scales are uniform. 





Figure 6.4.  High-resolution bias-dependent STM images of an unannealed 4-ML thick LCMO 
film.  STM images obtained at (a) 0.8, (b) -0.8, and (c) 1.6 V.  The set tunneling current was 40 
pA for all the images.  The colored arrows shown in (a) and (b) indicate dots showing different 
bias dependences.  (d) Magnified images from the circled area in (b) and (c).  The red dots 
represent the (1 × 1) lattice position. 
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arrows decreases from an occupied state to an unoccupied state.  The atoms marked by the 
blue arrows behave in the other way; the height increases when the tip bias is flipped from 
unoccupied to occupied states.  Some of the dark holes seen in the occupied-state image are 
also seen in the unoccupied-state image (black arrows); thus, these can be considered as point 
defects.  Further increases in the tip bias voltage result in showing another bias dependence 
in the unoccupied state.  When compared to the V = -0.8 V image [Figure 6.4 (b)], the 
elongated features appear in the circled area when the tip bias is increased to V = -1.6 V 
[Figure 6.4 (c)].  Figure 6.4(d) shows the magnified images around the circled regions in (b) 
and (c).  The red dot represents a (1 × 1) lattice position observed in the lower bias image 
which is shown in Figure 6.4(b).  As is clearly shown in the V = -1.6 V image, the top and 
the valley of the elongated corrugation exist in between the (1 × 1) lattice.  Similar features 
are also observed in the upper left and upper right areas in Figure 6.4(c).  This elongated 
feature is well recognized with higher tip bias, such as V = -2.4V, as seen in Figure 6.3(b).  
As described above, a 4-ML LCMO film without annealing shows a different STM 
image and different bias dependence from the 310-ML thick LCMO film.  In addition, 
although the STM images show a very clear (1 × 1) lattice and characteristic elongated 
corrugations, no long-range ordering seems to be observed.  In fact, although LEED 
indicates a reconstructed surface, FFT does not show the distinct fractional spots as LEED 
does, while some spots are occasionally observed, as seen in Figure 6.2(b).  
In order to understand the periodicity of the surface observed in LEED, missing spot 
analyses have been conducted by following Yang’s method [49].  His method can analyze 
“absolute” missing spots which do not come from glide line symmetry but instead come from 
reflections having a vanishing structure factor.  First, we consider the c(2 × 4) superstructure 
as a starting model, which consists of gray dots in Figure 6.5(a).  To simplify the analyzed 
pattern, we consider reflection from a single domain.  Then, the simulated LEED pattern 
from the c(2 × 4) lattice should be given by as the pattern with red and white spots in 
Figure 6.5(b).  But, the actual LEED pattern [Figure 6.5(d)] shows that there are missing 






Figure 6.5.  Schematics of the real and reciprocal lattices of the c(2 × 4) pattern.  Unit vectors 
of (1 ×  1) (blue) and (3√2 × 4√2)R45º (brown) in (a) real space and (b) reciprocal space.  
(c) Simulated LEED pattern from double domain of c(2×4).  Red and blue dots represent 
reflections from each domain.  The purple dots are common reflection of (1 × 1) in both 
domains.  (d) LEED pattern of an unannealed 4-ML thick LCMO film at 110 eV. 
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spots [white circles in Figure 6.5(b)].  Using the estimated missing-spot coordination with 
the white spots, a structural model is finally derived, such as the yellow dot as a surface atom 
and the gray dot as a possible defect in the surface, as shown in Figure 6.5(a).  That is, the 
surface of the 3-ML film presumably has a c(2×4) defect ordering along the [010] direction.  
On the assumption that there are two domains coexisting on the surface, the LEED pattern 
can be simulated as the pattern shown in Figure 6.5(c) where the red and blue spots represent 
reflections from each c(2 × 4) domain.  This is in very good agreement with the LEED 
pattern obtained from the 3-ML LCMO film, as seen in Figure 6.5(d).  Although FFT from 
the high-resolution STM image does not show a clear agreement with LEED (only partial 
fractional spots are barely seen), some implications of similar characteristics between the 
STM image and the surface model can be deduced from the Fourier-filtered STM images 
shown in Figure 6.6.  Figure 6.6(b) shows the long-range corrugation created by filtering 
only the center area of the original FFT pattern, as seen in the insertion, while Figure 6.6(c) 
shows the image created the other way.  As can be seen in Figure 6.6 (c), the enhanced line 
shape characteristics along the [110] directions exist around the defect, or some defect 
ordering exists in the surface along the [110] directions.  This is presumably in some 
agreement with the insertion (upper left), the surface model derived from the missing spot 
analysis of the LEED pattern.  
As we discussed above, STM and LEED reveal that the surface observed in the thin 
LCMO film is quite different from the thick film.  Figure 6.7 shows clear differences 
between both LCMO surfaces with different thicknesses.  There are distinct differences in 
surface structure between both surfaces.  A characteristic in the thin LCMO film surface 
[Figure 6.7(a)] is the elongated bright and dark lines along the [100] or the [010], while that 
in the thick film surface [Figure 6.7(b)] is a number of bright spots making zigzag lines along 
the [110] direction.  Because these features are associated with different crystal orientations, 
the existence of different surface structures between both films is strongly indicated.  
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Figure 6.6.  Original and Fourier-filtered STM images of an unannealed 4-ML thick LCMO film.  
(a) original STM image and FFT.  (b) and (c) Fourier filtered images and filtered FFT.  The 
insertion in (c) is the defect-ordered c(2 × 4) model derived by the missing spot analysis. 
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Figure 6.7.  STM images of 4-ML and 310-ML thick unannealed LCMO films.  (a) 4 ML and 
(b) 310 ML of LCMO film.  Tip bias and set tunneling current were -1.75 V/45 pA for both 
images. 
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STS I/V studies have also been conducted on both surfaces, but no distinct difference in 
conductivity was observed; both surfaces are similarly metallic at room temperature. 
In order to clarify the critical thickness of the structural transition between both types 
of surfaces, LCMO films with various thicknesses were carefully prepared.  Figure 6.8 
shows the thickness-dependent LEED patterns obtained in the thickness range from 1 to 
310 ML.  During the experiment, three types of reconstruction were observed in the LEED 
analysis.  One is the c(2 × 4) pattern as we discussed above [Figure 6.8(c)].  This type of 
pattern was obtained from 3 to 5 ML (we do not have LEED data at 2 ML).  The film with 1 
ML shows fuzzy integer (1 × 1) spots and some very faint fractional spots which can barely 
be recognized.  The second pattern is shown in Figure 6.8(d) which was observed from 6 to 
13 ML.  The differences between the patterns shown in (b) and (c) are that clear (0.5, 0.5) 
spots appear in the pattern (c) while no spots (or very weak intensity recognized) in (d).  
However, we did not see clear differences in the STM images between both surfaces.  Above 
15 ML, LEED shows a (3√2 × 4√2)R45º pattern, as shown in Figure 6.8(e) and Figure 6.8(f).  
In such a wide range of thicknesses from 15 to 310 ML, the LEED pattern did not show any 
significant change.  In addition, it is confirmed that the surface of the 15-ML film, where the 
LEED pattern has just changed from the c(2 × 4) to the (3√2 × 4√2)R45º pattern, shows quite 
similar STM features such as zigzag stripes along the [110] directions with spacing 2√2a0, 
which we discussed in Section 4.2.  In all the LEED patterns observed in the experiment, 
off-normal incidence did not recover any missing spots, meaning the surfaces do not have 
glide line symmetry which causes particular missing spots only in a normal incident 
configuration.  
In summary, LEED and STM clearly show that the LCMO film has different surface 
structures above and below around 14 ML.  From the LEED pattern analysis, a surface of 
the LCMO film with lower thicknesses than 14 ML is assumed to be the c(2 × 4) structure; 
however, the atomically resolved STM image does not show such an ordered structure other 
than the (1 × 1) lattice.  On the other hand, the LCMO film with thicknesses greater than 14 
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Figure 6.8.  Series of LEED patterns with various thicknesses of an unannealed LCMO film.  
(a) STO substrate, (b) 1, (c) 3, (d) 4, (e) 15, and (f) 310 ML.  All the images were taken at 110 
eV.  
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ML, the surface shows a clear (3√2 × 4√2)R45º reconstruction with both LEED and STM 
(and its FFT).  STS results show no distinct differences in conductivity in both types of 
surface, and we have not obtained direct information on the origin of the observed structural 
transition driven by the thickness.  However, because biaxial strain in the thin film is 
assumed to be associated with the film thickness, the strain effect that is induced by the 
substrate may play a role in the observed transition on the surface structure.  Further study 
with different substrate materials to tune the lattice mismatch is desired.
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The combination of the carefully controlled film growth and the sophisticated 
experimental setup for the in-situ surface analysis techniques revealed a number of interesting 
features of the LCMO surfaces.  The oxidation technique by annealing the LCMO film in 
oxygen at a certain pressure enabled us to control the surface structure between a oxygen 
adsorbed (√2 × √2)R45º and a (1 × 1) without oxygen [with a (3√2 × 4√2)R45º 
reconstruction].  High-resolution STM observations visualized the detailed 
topographic/electronic structures of both type of surfaces.  The distinct bias dependence in 
the (1 × 1) images strongly indicates that the surface has very complex electronic states, 
unlike the (√2 × √2)R45º one, whose STM images show little changes in different biases.  
Such a (1 × 1) surface shows a structural transition which is driven by thickness.  Below the 
critical thickness around 14 ML, a film shows c(2×4) periodicity in LEED.  Although STM 
does not provide clear evidence of such reconstruction, the distinct morphological differences 
between a (√2 × √2)R45º and a c(2 × 4) surface strongly indicates a drastic change in the 
surface lattice and electronic structures around the critical thickness.  From the 
high-resolution STM images, a (√2 × √2)R45º surface seems to be “ordered” in terms of the 
long-range 2√2a0 stripe features, while a c(2 × 4) surface shows no long-range ordering 
feature in STM.  Considering such a “thin” critical thickness, the film showing c(2 × 4) 
should have a significant tensile strain from the STO substrate, and such a strong strain may 
cause different structural modifications from that of the “thick” film above the critical 
thickness as observed.  Although both type of surfaces show similar metallic properties at 
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room temperature, different surfaces should behave differently in the strongly correlated 
systems.  In this regard, for example, low-temperature experiments for LCMO films below 
and above the critical thickness are strongly desired.  
In contrast to the thickness effect, oxygen adsorption onto the MnO2-terminated 
(1 × 1) surface gives rise to a significant change in conductivity, such as the insulating 
behavior in the (√2 × √2)R45º surface while metallic in the (1 × 1) surface.  In the 
(√2 × √2)R45º surface, the oxygen coverage is expected to be half that of the monolayer 
based on the STM observations of structural evolution during the oxygen desorption 
experiment.  However, LEED-IV analyses do not support a simple oxygen adsorption model, 
as shown in Figure 5.4.  In addition, the energy dependence of LEED intensities indicates 
extensive reconstruction and a very high Debye temperature for the (√2 × √2)R45º surface.  
Because there is no cation in the oxygen-adsorbed (√2 × √2)R45º surface, considerable charge 
unbalance is expected in the surface, and deposited oxygen will act as the “extrinsic” hole 
dopant in terms of removing charge from the surface.  Such polarization and charge transfer 
may cause significant change in lattice coordination, and as a consequence, a significantly 
different electronic configuration is anticipated.  In this regard, a low-temperature STM 
experiment is very interesting in seeing how such oxygen doping will affect the phase 
transition.  
A number of atomically resolved images are obtained in this dissertation research.  
These high-resolution images have clarified surface structural and electronic transitions 
driven by oxygen adsorption as well as thickness.  However, many of the high-resolution 
images have not been fully understood yet.  Because STM cannot distinguish between 
topographic and electronic information, structural investigations of the surface by LEED-IV 
and theoretical calculations of the electronic structure are strongly desired.  
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